Instrumented indentation is widely used to probe the elastic and plastic properties of engineering materials. Finite Element Method (FEM) has been widely used for numerical simulation of indentation tests on bulk and film material in order to analyze its deformation response. This study proposed an improved technique to determine the stress-strain curve of bulk material. FEM in conjunction with an abductive network is used to predict the stress-strain relationship of bilinear elastic-plastic material from the nanoindentation test's force-displacement curve.
Introduction
Finite element method (FEM) has been widely used for numerical simulation of indentation tests on bulk material in order to analyze its deformation response and investigate the influence of indenter geometry, friction and material elastic and plastic properties. The Brinell test [1] , in a form of indentation test, expands the loading type to nano Newton ranges depending on the materials and applications. Pelletier et al. [2] have investigated the influence of material bilinear elastic-plastic behaviour model for numerical simulation of nanoindentation testing of various bulk metals. The indenter and the specimen were treated as a revolution body in order to have three-dimensional situation. The numerical simulation results of loads verse displacement compare reasonable well to experimental results of nanoindentation tests of pure metals as Fe, Ni, Ti and Cu. Pelletier [3] used a comprehensive parametric study of 48 cases was conducted. They defined two dimensionless equations which link the parameters extracted from the experimental load-displacement curve with material parameters, such as Young's modulus, yield stress and tangent modulus. The loaddisplacement curves simulated by FEM and then experimental curves obtained by nanoindentation testing using a Berkovich tip. Bhattacharya and Nix et. al. [4] used the finite element (FE) method to simulate and solve for an indentation problem with an axisymmetric cone. The results compared well with experimental data. They presented an elasto-plastic analysis of axisymmetric conical indentation, and showed that the shape of the plastic zone strongly depends on the indenter angle, Young's modulus of the material, and yield stress.
In order to verify the FEM simulation results of the material parameters such as Young's modulus, yield stress and tangent modulus, the experimental data are compared with the results of the current simulation. The abductive network was then applied to synthesize the data sets obtained from the numerical simulation. After employing the predictive model can provide valuable references in prediction of the mechanical parameters after nanoindentation tests.
Finite Element Indentation Analysis
Figure 1(a) shows the FE-model of nanoindentation process simulated in DEFORM-2D. An axisymmetric cone with half-included angle of 70.3° in which the conical indenter has the same area function as a Berkovich tip was used in this study. The indenter is constrained to move only in the thickness-direction of the bulk metal. Nanoindentation is performed under a precisely continuous measurement of the force (load) and the displacement (depth) during the loading and unloading process ( Fig. 1 (b) ). Figure 1 (c) presents the stress-strain curve with bilinear constitutive law of a bulk material. Note that E is Young's modulus; E T is tangent modulus; Y is yielding strength. During the analyses, the conical indenter is assumed to be rigid. The bulk metal is assumed to be elastic-linear work-hardening. Because of symmetry only a half of the conical indenter and bulk material were taken for simulation. The nodes along the axis of rotation can move only along the y-axis and all the nodes on the bottom of the mesh are fixed. The meshes near the indenter needed to be very fine to be able to describe the deformation and stress gradient below indenter with sufficient accuracy. The interface between the indenter and the specimen was assumed to be frictionless. In this nanoindentation case, the bulk metal has a 4000 nm thickness and a 200,000 nm width. The model adopts 4-node tetrahedral elements for the bulk metal in twodimensional simulation. The proper size of the meshes for the FE models is determined through convergence studies. The bulk metal is meshed about 17874 elements and 4956 nodes in this study. The indentation process is simulated both during loading and unloading. [2] for loading and unloading curves of Fe and i metals. The results predicted by present simulation are in good agreement with FE simulation by Pelletier et al. [2] , but the experimental data show a stiffer response to the FE simulation results. This is attributed to the radius of tip caused by the wear of indenter [2] . Therefore, the DEFORM-2D can effectively capture the loading and unloading curves in nanoindentation process. 
Abductive etwork Indentation Models
Abductive networks have been used over the last decade in a wide range of engineering applications. The main advantage of abductive network is the ability to ''learn" complex trends and ''generalize" the behavior from a collection of discrete data sets. In the abductive network, a complex system can be decomposed into smaller, simpler subsystems grouped into several layers using polynomial functional nodes. The polynomial network proposed by Ivakhnenko [5] is a group method of data handing techniques. Theses nodes evaluate the limited number of inputs by a polynomial function and generate an output to serve as an input to subsequent nodes of the next layer. It consists of sigma (summation) units in the hidden layer and pi (product) units in the output layer. For more detailed explanation of these polynomial functional nodes, please refer to the paper of Ivakhnenko [5]. To build a complete abductive network, the first requirement is to train the database. The information given by the input and output parameters must be sufficient. A predictive square error criterion is then used to automatically determine an optimal structure. The yielding stress is varied between 100-600 MPa, whereas the other material's properties were selected by varying the Young's modulus, the tangent modulus and the indentation depth in the ranges of 72-430 GPa, 3.6-40 GPa and 100-400 nm, respectively. There are four variables of material properties, each of which was set at three levels. Therefore, 81 (3*3*3*3) combinations of parameters of material's property are constituted totally. The load-displacement curves obtained by FEM software DEFORM-2D. The curves corresponding to the loading part have been fitted using a polynomial law, P=Ah 2 +Bh; and the unloading part can be mathematically described with a polynomial law, P=Ch 
Prediction of Stress-Strain Behavior by Experimental Data
The loading-displacement curves can be obtained by nanoindentation tests. The aim of this study is the stress-strain behavior of a local region of a material can be directly extracted by the comparison of load-displacement behavior between the abductive network prediction and an indentation test. The prediction model of abductive network can provide valuable references conveniently in prediction of the mechanical parameters such as E, Y and E T after nanoindentation tests. Figures 7(a) 
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Measurement Technology and Intelligent Instruments IX and (b) show the stress-strain behavior is directly extracted by the comparison of load-displacement behavior for Cu and Ti materials. The FEM simulation (DEFORM-2D) and abductive networks (AIM) are adopted to predict the mechanical parameters (Y and E T 
Conclusion
This study applies the finite element method (FEM) in conjunction with an abductive network to predict stress-strain curve of bulk metal during the nanoindentation process. To verify the prediction of FEM simulation for loading and unloading process, the experimental data are compared with the results of current simulation. Loading-unloading curve are investigated for different material parameters, such as Young's modulus, yielding stress and tangent modulus of nanoidentation process, by finite element analysis. The abductive network is then utilized to synthesize the data sets obtained from numerical simulations, and the prediction model is established for predicting loading-displacement curve under a wide range of process parameters. Finally, the stress-strain behavior of a local region of a material is directly extracted by the comparison of load-displacement behavior between the abductive network prediction and an indentation test.
